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THE FREQUENCY RESPONSE of germanium and silicon types 
of pn photodiodes, when measured by modulated radiation, 
has been found to be identical, with the response falling 
off between 10 and 20 kc, and gradually dropping to zero. 
The physical causes of this response characteristic are 
only partly understood. In most photodiodes, using reverse 
bias, at currents of 20-60 ya, flicker noise persists up to 
frequencies above 10 kc. Thus, within the flat part of the 
frequency response curve, no region free of flicker noise 
may be found. However, some selected germanium photo- 
diode types disclosed a drop in flicker noise below shot 
noise at about 1-2 kc. In these photodiodes, a shot-noise 
region, showing white noise, has been found to exist 
within the flat part of the frequency response curve, as 
shown in Figure 1. 

A noise theory of photodiodes, including photon noise, 
has been evolved using Boltzmann statistics for the absorp- 
tion process. This theory is essentially similar to one 
offered by A. van der Ziel®. The mean square noise 
current is presented in equation 1. The coefficient a indi- 
cates the mean number of electrons per photon impinging 
on the photodiode. The quantities x and u are related to 
the radiation source, supposedly a black body. Equation 
1 has been well confirmed experimentally +? within the 
shot-noise region of the photodiodes. 

At values of x, which are small with respect to unity, 
the quantity «u is approximately equal to kT/hy. Hence, in 
this case, the quantity y according to equation 2 becomes 
approximately equal to a kT/h,. Thus, the photodiode 
noise according to equation 1 becomes approximately pro- 
portional to the radiation temperature T. The region, 


7 Curve prepared by Werner Gubler. 
tt Measurements made by Werner Gubler. 
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where this approximation * 24 holds good, may be seen 
from Figure 3. 

A high-temperature radiation source, consisting of an 
are discharge (in argon) at an atmospheric pressure at 
200 a are current, was developed for our studies. The 
highest temperature in the discharge was estimated by 
spectrometry to be about 20,000° K. At a mean frequency 
of radiation of about 2 x 10% eps it was found that y is 
about 1.3; Figure 3. A measured curve+ of y with a 
photodiode of the type shown in Figure 1, dependent on 
frequency, is shown in Figure. 4. There seems to be little 
doubt that this curve confirms the foregoing theory. The 
upward trend of the curve below 8 kc is due, in part, to 
flicker noise and also to noise caused by arc instability. 
The drop of the curve above 20 ke is due to reasons 
similar to those responsible for the drop of the curves 
above such frequencies shown in Figure 1. 

Improvements in techniques might decrease the rise of 
the curve in Figure 4 below 8 kc. By the use of two 
photodiodes on which the radiation from the are impinges, 
the noise caused by its instability, being coherent, may be 
blotted out. This result was obtained in preliminary meas- 
urements7+. Hotter ares now being prepared will lead to 
higher values of u and y. The theory resulting in equation 
1 is based on the statistics of Boltzmann. If the statistics 
of S. N. Bose are applied, the factor y in equation 1 must 
be replaced by y». Information in Figure 4 serves as ex- 
perimental evidence that the former statistics are valid. 

The mean power at a mean frequency y, emitted by an 
aperture of relatively small area A in the enclosure of a 
black-body radiation space of temperature T appears in 
equation 5. Here Av is the bandwidth at a mean frequency 
v. Computing equations 6 and 7 and solving for AT 
equation 8 is obtained. The universal function Q of v and 
T is shown in Figure 6. Its minimum value Qmin occurs at 
x = 383 and is equal to 3.66 x 10-** K-meter. The 
formula for Q is in equation 9. The noise-figure F of the 
photodiode can be defined as the ratio of available noise 
power to available signal power at the output, divided by 
the equivalent ratio at the input. Using a photodiode, the 
minimum measurable value* of AT is given by equation 
10. Obviously, this value decreases, if Af over Av is de- 
creased, Af being the noise bandwidth and Av the radiation 
bandwidth. This may be 10-43, Thus, if A = 1 mm? 
and F = 2, AT min = 2.3 x 107®° K is obtained. The noise 
figure of photodiodes has been calculated and measured ê. 
It is about 2 for the diodes shown in Figure 1. The avail- 
able gain of these photodiodes is about 15. Hence, we have 
device circuits, which allow measurements of extremely 
small temperature changes, as well as extremely high 
temperatures. 
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Figure 1—Mean square noise current for a selected 
germanium photodiode. The useful region is bounded 
by flicker noise and falling frequency response. 
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Figure 2—Equations establishing the relations for 
diode-noise current in terms of diode and radiation 
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Figure 3—Plot for P/Pvmaz, the power radiated from a 
black body aperture over its maximum value, 
dependent on x = hr/kT, where u is dependent upon x. 
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Figure 4—Experimental curve of » (vertical), 
dependent on frequency at a radiation temperature 
of about 20,000° K. 
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Figure 5—Equations that lead to the minimum 
observable value of temperature change. 
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Figure 6—Ratio Q/Qmin as dependent on x. The value 
Qmin occurs at x = 3.83 and is equal to 3.66 x 16° 
K-meter. 
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